1, 2) Since they are synthesized as inactive enzymes (proMMPs), their activation is a ratelimiting step for the catalytic function.
Matrix metalloproteinases (MMPs) are a family of zinc endopeptidases consisting of at least 18 different members. They are classified into 5 subgroups according to their structures and substrate specificities: interstitial collagenases, gelatinases, stromelysins, membrane type-MMPs (MT-MMPs) and others. 1, 2) Since they are synthesized as inactive enzymes (proMMPs), their activation is a ratelimiting step for the catalytic function.
3) Among the MMPs, active MMP-2 (gelatinase A) is considered to be closely associated with invasion and metastasis of cancer cells. 1) Thus, the activation mechanism of the zymogen of MMP-2 (proMMP-2) was intensively studied. Differently from other MMPs, proMMP-2 is activated on the cell surface, 3) and we have identified a new MMP with a transmembrane domain, i.e. membrane type 1-MMP (MT1-MMP), which can activate proMMP-2 on the cell membranes.
4) The expression of MT1-MMP in lung, 5) breast, 6) stomach 7) and thyroid 8) carcinomas correlates well with the activation of proMMP-2, suggesting that MT1-MMP is a key activator of proMMP-2 in the carcinoma tissues. Besides the activator function of MT1-MMP, the MMP can also digest extracellular matrix (ECM) macromolecules including interstitial collagens. 9) Thus, MT1-MMP is thought to play an important role in cancer invasion and metastasis by degrading pericellular ECM through both activation of proMMP-2 and direct ECM cleavage. 9) As with MMPs, MT1-MMP expression is controlled by many factors in various cells: concanavalin A (Con A), 7 To whom correspondence and requests for reprints should be addressed.
E-mail: okada@med.keio.ac.jp phorbol myristate acetate, basic fibroblast growth factor and tumor necrosis factor-α (TNF-α) up-regulate the expression, while glucocorticoids down-regulate it. [10] [11] [12] [13] [14] [15] However, another important regulation mechanism of the MT1-MMP activity may be shedding from the membranes, as reported for other membrane-bound proteins. [16] [17] [18] [19] [20] Recently, we have demonstrated that MT1-MMP is released into culture media from a human breast carcinoma cell line, MDA-MB-231 (MDA) cells, after treatment with Con A. 9, 21) The released MT1-MMP was found to be complexed with tissue inhibitor of metalloproteinases 2 (TIMP-2), and had no enzymic activity without dissociation of the inhibitor. 9, 21) Thus, the rate of turnover of MT1-MMP by being released from the cells may affect the pericellular ECM degradation in cancer tissues, suggesting the possibility that acceleration of MT1-MMP release contributes to the suppression of cancer invasion and metastasis. Although previous studies 9, 21) showed that Con A treatment induces the release of MT1-MMP, the mechanism involved remains unknown.
In the present study, we examined the release mechanism of MT1-MMP from MDA cells after Con A treatment. The data suggest that the release involves proteolysis on the cell membranes mediated by metalloproteinase(s) other than MMPs, and that apoptosis is associated with the shedding. After having been rinsed with Hanks' solution, they were treated with Con A (0, 5, 10, 20, 50, 100, 200 µg/ml) in serum-free DMEM containing 0.2% lactalbumin hydrolysate for up to 72 h. For inhibitor studies, the cells were first cultured in the presence of 10 µg/ml Con A for 24 h and then treated for 72 h with 200 µg/ml Con A in the medium containing 1 mM EDTA, 200 µM o-phenanthroline, 1 or 5 µg/ml TIMP-1, 1 or 5 µg/ml TIMP-2, 10 or 100 µM BB94, 1 mM PMSF, 100 µM E64, 100 µM leupeptin or 100 µM pepstatin A. The culture media were harvested, and the cells were lysed in SDS-sample buffer containing 3.8% 2-mercaptoethanol (500 µl/dish) and sonicated. They were stored at −20°C until used. Immunoblotting The conditioned media (1,000 µl) concentrated by precipitation with 3.3% trichloroacetic acid and cell lysates of MDA cells dissolved in SDS-reduction buffer (approximately 3.6×10 5 cells/lane) were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (10% total acrylamide) under reduction and electrotransferred onto nitrocellulose filters. After blocking nonspecific binding of IgG with 3% bovine serum albumin, the filters were reacted for 12 h at room temperature with a monoclonal antibody specific to the catalytic domain of human MT1-MMP (clone 114-1F2).
MATERIALS AND METHODS

Materials
4) The antibody bound to the antigen was complexed with biotinylated horse anti-(mouse IgG) IgG and the protein bands were visualized by the avidin-biotin-peroxidase complex method.
7) The densities of the immunoreactive bands were measured by computer-assisted image analysis according to the method of Davies et al.
23)
Sandwich enzyme immunoassay for MT1-MMP Concentrations of MT1-MMP secreted in the culture media after treatment with Con A (0, 10, 50 and 200 µg/ml) for 24, 48 or 72 h were determined by a sandwich enzyme immunoassay (EIA). The EIA system was developed by utilizing a pair of monoclonal antibodies (clones 114-1F2 and 113-15E7) which specifically recognize different epitopes of MT1-MMP. 4, 24) The assay was carried out as previously described. 25) Microtitration plates were first coated with IgG of clone 113-15E7 (5 µg/well). A 50 µl aliquot of culture medium which had been incubated with 10 mM EDTA for 24 h at 4°C was mixed with the same volume of 1 µg/ml IgG of clone 114-1F2-horseradish peroxidase conjugate in 10 mM sodium phosphate buffer, pH 7.0, 0.1 M NaCl, 1% BSA, 10% α-Minimum Essential Medium (Gibco BRL, Gaithersburg, MD), transferred to each previously coated microplate well, and allowed to stand for 16 h at 4°C without shaking. After rinsing, the reaction was carried out by incubation at room temperature for 60 min with 100 µl of 0.5 mg/ml o-phenylenedi-amine in 0.1 M citric acid-sodium phosphate buffer, pH 5.0 containing 0.02% hydrogen peroxide. The reaction was stopped by addition of 100 µl of 2 N sulfuric acid and the absorbance at 492 nm was measured by a microplate reader. Northern blotting MDA cells were cultured in the presence and absence of 10 µg/ml Con A in the serum-free DMEM containing 0.2% lactalbumin hydrolysate for 0, 2, 4, 8, 12, 24 and 72 h, and then total RNA was isolated from the cells by the acid guanidium-phenol-chloroform method.
4) The RNA samples (10 µg/lane) were electrophoresed in 1% agarose gels containing 2.2 M formaldehyde and transferred onto Hybond N + membranes (Amersham International, Tokyo). The membranes were hybridized with 32 P-labeled probes for MT1-MMP (3.5-kb cDNA fragment corresponding to nucleotides 1647-2889) 4) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as described previously.
4) The blotted membranes were scanned by a Bioimage Analyzer BAS 1000 (Fuji Film Co., Tokyo) Measurement of cell viability MDA cells were treated with 0, 5, 10, 20, 50, 100 and 200 µg/ml Con A in the serum-free DMEM containing 0.2% lactalbumin hydrolysate for 24, 48 or 72 h. Since the cells could not be released from the dishes by trypsin after the Con A treatment, the viability of the cells was determined by counting the cells on the dishes stained with 0.3% trypan blue. Each measurement was carried out in triplicate. TdT-mediated dUTP Nick-End Labeling (TUNEL) Apoptotic cells were detected by TUNEL according to the kit manufacturer's instructions (Promega Co., Tokyo). Briefly, MDA cells were cultured on Lab-Tek slides (Miles Laboratories, Naperville, IL) and treated with Con A (0, 10, 50 and 200 µg/ml) for 24, 48 and 72 h in the serum-free DMEM. They were then fixed with 4% formaldehyde for 25 min at 4°C, permeabilized with 0.2% Triton X-100 for 5 min at 4°C and allowed to react with TdT enzyme and fluorescein-12-dUTP for 60 min at 37°C. The reaction was terminated by immersing the slides in standard saline citrate for 15 min at room temperature. Photographs were taken on an Olympus Vanox X AH2-FL microscope fitted with standard fluorescein isothiocyanate filters on Kodak Ektachrome 400 films upgraded to 1,600 ASA. Detection of apoptotic morphology MDA cells were cultured and treated with 0, 10, 50 and 200 µg/ml Con A for 24, 48 and 72 h as described above. The cells were fixed with methanol, then stained with hematoxylin and eosin to observe the cell morphology under a light microscope. The nuclei were also stained with 10 µg/ml Hoechst 33342 dye to detect apoptotic bodies and nuclear condensations under an Olympus Vanox X AH2-FL microscope. Detection of ladder formation After treatment with 0, 10, 50 and 200 µg/ml Con A for 24 h, MDA cells (approximately 5×10 6 ) were collected and lysed in 20 µl of 50 mM Tris-HCl buffer, pH 7.8 containing 10 mM EDTA and 0.5% sodium lauroyl sarcosinate. The lysates were incubated for 30 min at 50°C with 500 µg/ml RNase A, and then digested with 1 mg/ml proteinase K for 60 min at 50°C. Electrophoresis of prepared DNA (2.3×10 6 cells/lane) was carried out on 2% agarose gels and bands were stained with ethidium bromide. The DNA fragments were detected by UV transillumination, and photographed. As a control, MDA cells were treated with 0.1 µg/ml actinomycin D for 24 h and the DNA extracted from the cells was analyzed as described above. the CM appeared to increase time-and concentrationdependently. Conversely, the density in the CL seemed to decrease dependently on the time of exposure and the concentration of Con A (Fig. 1A) . Densitometric analysis of immunoreactive bands demonstrated that MT1-MMP released into the CM increases with incubation time and concentration used, and MT1-MMP in the CL decreases in a similar way (Fig. 1B) , showing the time-and concentration-dependent release of MT1-MMP. The molecular weight of MT1-MMP recognized in the CM with the antibody was M r 56,000, and that in the CL was M r 60,000 (Fig. 2) . As we have previously reported, 9, 21) these two MT1-MMP species correspond to the NH 2 -and COOH-terminally truncated form of MT1-MMP and the NH 2 -terminal-deleted active species, respectively.
RESULTS
Release of MT1-MMP from Con
The amounts of MT1-MMP in the CM were further measured by the EIA system for MT1-MMP. Although . Both CM and CL were subjected to immunoblotting for MT1-MMP as described in "Materials and Methods." MT1-MMP in the samples prepared from the cells treated with 0 and 10 µg/ml Con A for 24 h was undetectable, other samples showed measurable amounts of MT1-MMP in the CM (Fig. 3) . MT1-MMP in the CM from the cells treated with Con A for 48 and 72 h significantly increased dose-and time-dependently (Fig. 3) . Northern blotting for MT1-MMP The time-course of expression of MT1-MMP mRNA in MDA cells treated with 10 µg/ml Con A was analyzed by northern blotting. As shown in Fig. 4A , the signal of the MT1-MMP transcript was enhanced after a 24-h incubation with Con A. The ratios of MT1-MMP to GAPDH obtained by computer-assisted densitometric analysis demonstrated that the level of MT1-MMP mRNA expression after a 24-h exposure is approximately 3-fold enhanced compared with that in the untreated cells and remains constant for at least 72 h (Fig. 4B) . (Fig. 5) . Interestingly, metalloproteinase inhibitors specific to MMPs including TIMP-1, TIMP-2 and BB94 (a synthetic hydroxamate MMP inhibitor) showed no inhibition of the release (Fig. 5) . Similar data were obtained even if the cells were treated with higher concentrations of the inhibitors (5 µg/ml TIMP-1 and TIMP-2 or 100 µM BB94) (data not shown). No inhibitor effects were observed with other inhibitors of serine, cysteine and aspartic proteinases (Fig. 5) .
Inhibition of MT1-MMP release by proteinase inhibitors
Viability of MDA cells after Con A treatment
The time-course of viability of Con A-treated MDA cells was measured by observation of the cells stained with trypan blue. Although the cells survived well in the serum-free medium, Con A treatment decreased the cell viability time-and dose-dependently (Fig. 6) . The decrease in the cell viability was especially remarkable after a 48-h treatment and ∼80% of the cells were killed by 100 and 200 µg/ml Con A after 72 h. The viability of the cells treated with 200 µg/ml Con A was also examined in the presence of proteinase inhibitors including 1 mM EDTA and 200 µM o-phenanthroline, but no effect of the inhibitors on the viability was observed (data not shown). 
Apoptosis in Con A-treated MDA cells
We could detect many cells with apoptotic bodies by observation of the Con A-treated cells stained with hematoxylin and eosin under a light microscope (Fig. 7, A and B) . Apoptotic bodies were identified by staining with Hoechst dye and the results are shown in Fig. 7 , C and D. Since these data suggest that apoptosis of the cells was induced by the Con A treatment, we performed TUNEL of the Con A-treated cells. The TUNEL signal increased dependently on the concentration of Con A (Fig. 8) . The values of the ratio (%) of TUNEL-positive cells to total cells treated with 0, 10, 50 and 200 µg/ml Con A for 24 h were 1.2±1.0, 4.6±0.3, 7.6±1.7, and 21.0±4.5% (mean±SD, n=3) , respectively. The ratios also increased with time of treatment (data not shown). The omission of TdT in the reaction gave a negative result, and the signal was detectable in nuclei of all the cells pretreated with DNase I (data not shown).
In order to examine DNA ladder formation, the DNA was extracted from MDA cells treated with Con A and analyzed by electrophoresis. As shown in Fig. 9 , the Con A-treated MDA cells exhibited fragmentation of DNA into oligonucleosome-sized units characteristic of apoptotic cell death.
DISCUSSION
The present study has demonstrated that MT1-MMP is released from MDA cells after treatment with Con A. Since the molecular weight of the species present in CM is 4,000-M r smaller than that in CL, the soluble species of MT1-MMP in the CM is thought to be generated either by direct processing by the cells or extracellular proteolysis of the leaked enzyme. However, the finding that the CM contained only the processed form favors the former possibility. The finding that time-dependent release of MT1-MMP in CM is associated with a corresponding decrease in the amount of MT1-MMP in CL further supports the hypothesis. In addition, northern blot analysis indicated that there is no change in the expression level of MT1-MMP mRNA up to 72 h after Con A-treatment, suggesting constant levels of production and release of MT1-MMP from the cells. These data suggest that the release of MT1-MMP in CM is a shedding process mediated by proteolysis, but not simply release due to cell bursting.
Many membrane proteins are known to be shed after proteolysis by cell membrane-associated proteinases, named secretases or sheddases. [26] [27] [28] These sheddases belong to classes of metalloproteinases or serine proteinases as judged from inhibitor studies. 26) In the present studies, MT1-MMP release was inhibited by EDTA and ophenanthroline, but not by other inhibitors of serine, cysteine and aspartic proteinases, indicating the involvement of metalloproteinase(s) in the processing. However, since the shedding was not affected by TIMPs or BB94, the sheddase is considered to be different from MMPs including MT-MMPs. Sheddases for a wide variety of membrane proteins, including the TNF-α ligand/receptor superfamily, 16, 29, 30) β-amyloid precursor protein, 17) angio- tensin converting enzyme, 18) transforming growth factor-α 19, 31) and interleukin 6 receptor 20) are reported to be metalloproteinases. Among them, only TNF-α converting enzyme has been cloned and shown to be a member of the ADAM (a disintegrin and metalloproteinase) family. 32, 33) Previous studies have demonstrated that the activity of TNF-α converting enzyme is inhibited by synthetic hydroxamic acid-based metalloproteinase inhibitors. 16, 29) However, since the release of MT1-MMP is not affected at all by BB94, the secretase for MT1-MMP is thought to be different from TNF-α converting enzyme.
The viability of MDA cells decreased remarkably after the Con A treatment. Interestingly, this treatment induced apoptosis of the cells. This was demonstrated by the presence of apoptotic morphology of the cells and their TUNEL reactivity. DNA ladder formation was also demonstrated in these cells. A similar apoptosis-inducing effect of Con A has been reported with fibroblasts in culture, 34) although the study did not show ladder formation.
34) The expression of various genes, such as c-fos, cjun and c-myc, is dramatically up-regulated during apoptosis, 35) and an increase of intracellular Ca 2+ concentration is required to activate DNases to cause DNA fragmentation into oligonucleosome size in apoptosis. [36] [37] [38] Since Con A treatment of Jurkat T-cells is known to increase c-Fos and c-Jun protein levels and intracellular Ca 2+ concentration, 39) such a condition generated by Con A treatment may be responsible for the induction of apoptosis in the MDA cells. Our preliminary studies (Harayama et al., unpublished data) showed that among phorbol myristate acetate, TNF-α, interleukin 1 and Con A, all of which stimulate cells to up-regulate the MT1-MMP gene, 13, 15) only Con A treatment caused shedding of MT1-MMP from MDA cells. Thus, the shedding appears to be specific to Con A treatment. It is possible that gene expression of a sheddase for MT1-MMP is simply induced by the Con A treatment. However, another possibility is that Con A may cause clustering of MT1-MMP molecules close to the sheddase to facilitate the cleavage, since Con A is reported to activate proMMP-2 by concentrating proMMP-2 and MT1-MMP molecules on the cell membranes. 40) Although MT1-MMP release was associated with apoptosis, the relationship between the two phenomena is not clear. However, the MT1-MMP shedding does not seem to be a direct cause of apoptosis, because blocking of release of MT1-MMP with EDTA or o-phenanthroline failed to stop the apoptosis. Since prevention of apoptosis was difficult once MDA cells were treated with Con A, the effects of apoptosis on the MT1-MMP shedding could not be determined in our experiments. Recent studies have demonstrated that membrane proteins such as aminopeptidase N (CD13), CD33 and β amyloid protein are shed from the cells undergoing apoptosis. 41, 42) Thus, we speculate that the MT1-MMP release results from apoptosis induced by Con A. However, further work is necessary to elucidate the precise mechanisms of the MT1-MMP shedding during apoptosis and to identify the factors that induce the shedding under pathophysiological conditions. MT1-MMP shed from Con A-treated MDA cells is a complex form with TIMP-2 as we have previously reported, 9, 21) and the species is not active in the complex form. However, since neutrophil elastase can re-activate MT1-MMP/TIMP-2 complex by degrading TIMP-2 in the complex (Ohuchi et al., unpublished data) , released MT1-MMP may become involved in the degradation of the ECM macromolecules after reactivation by other proteinases under certain conditions. Another possibility is that the release of MT1-MMP/TIMP-2 complex from the cell membranes is a regulation mechanism of proMMP-2 activation by MT1-MMP, since our recent studies have demonstrated that a trimolecular complex of proMMP-2/ TIMP-2/MT1-MMP is essential to the pericellular activation of proMMP-2 by MT1-MMP. 43) Enhanced or decreased release of MT1-MMP/TIMP-2 is expected to affect the efficiency of the activation. It is, therefore, possible that control of the MT1-MMP sheddase may contribute to the regulation of the actions of MMP-2 as well as MT1-MMP. Previous studies have demonstrated that MT1-MMP is highly expressed in many human carcinoma tissues such as lung, 5) breast, 6) stomach 7) and thyroid 8) carcinomas. In these carcinomas MT1-MMP may be shed to the extracellular milieu and be drained into the body fluids such as blood and lymph. Thus, measurement of the levels of soluble MT1-MMP in the body fluids may be a useful method to monitor human carcinomas.
